The worldwide production of hydrogen in 2010 was estimated to be approximately 50 Mt/a, mostly based on fossil fuels. By using lignocellulosic feedstock, an environmentally friendly hydrogen production route can be established. A flow sheet simulation for a biomass based hydrogen production plant was published in a previous work. The plant layout consisted of a dual fluidized bed gasifier including a gas cooler and a dust filter. Subsequently, a water gas shift plant was installed to enhance the hydrogen yield and a biodiesel scrubber was used to remove tars and water from the syngas. CO2 was removed and the gas was compressed to separate hydrogen in a pressure swing adsorption. A steam reformer was used to reform the hydrocarbon-rich tail gas of the pressure swing adsorption and increase the hydrogen yield. Based on this work, a research facility was erected and the results were validated. These results were used to upscale the research plant to a 10 MW fuel feed scale. A validation of the system showed a chemical efficiency of the system of 60% and an overall efficiency of 55%, which indicates the high potential of this technology.
Introduction
Hydrogen production has risen constantly over the last years. Following this trend, the worldwide production of hydrogen in 2025 will be approximately 58 Mt/year. Figure 1 shows the hydrogen source and production capacity in 2010 and 2025, in Western Europe and worldwide [1] .
In order to reduce CO2 emissions and counter-steer increasing costs of fossil fuels, the European commission passed a declaration in 2007, aiming to establish an environmental friendly energy supply. In this concept, hydrogen acts as energy storage and it is planned to set up an EU-wide hydrogen infrastructure by the year 2025 [2] .
Hydrogen is also seen as a promising fuel for transportation in the future. Therefore, the demand of hydrogen is likely to increase within the next years. To accomplish the goal of a green hydrogen-economy, environmental friendly and CO2 neutral production methods will be needed. In the following pages, methane steam reforming as the bench mark process as well as renewable hydrogen production processes will be discussed.
Approximately 96% of today's hydrogen is produced via thermochemical conversion of fossil fuels, where natural gas is the most-used fuel [1] .
The main process of converting natural gas to hydrogen is steam reforming. Beside hydrogen, the product gas contains water, carbon monoxide and carbon dioxide as by-products. To increase the amount of hydrogen and to get rid of the impurities, the steam reforming is typically followed by the water-gas shift reaction and the pressure-swing adsorption (PSA).
(a) (b) Figure 1 . Hydrogen sources (a) and overall hydrogen production in Western Europe and worldwide (b) [1] .
To avoid catalyst poisoning, a desulfurization stage is used as first process step. As a next step, steam reforming is applied. Typically, Ni-based catalysts are used because of their low investment costs. Temperatures up to 900 °C and pressures above 40 bar are applied. For heat supply, PSA tail gas is used. Then, the reformed gas passes a high temperature water gas shift (HT WGS) reactor, as well as a low temperature water gas shift (LT WGS) reactor, where approximately 90% of the CO is converted. Typical HT WGS reactors operate at temperatures between 350 °C and 550 °C using a iron/chromium based catalyst. LT WGS reactors operate at temperatures below 250 °C using a copper/zinc or cobalt/molybdenum based catalyst. As the WGS reaction is exothermic, the tail gas has to be cooled. After the WGS reactors, a PSA is used to purify the gas and produce high quality hydrogen. Chemical efficiencies of 79% can be reached [1, 3, 4] .
Biogas steam reforming is a similar process to natural gas reforming. Differences can be found in the gas production and in gas composition. Biogas mainly consists of methane and carbon dioxide and is created by anaerobic digestion of biomass. Today, biogas is commercially produced by energy crops or landfill gas recovery plants, where bio-wastes like manure, sewage and organic matters are treated. Biogas is produced by anaerobic digestion of biomass. Microorganism under absence of oxygen partially convert biogenic components to biogas, consisting mainly of methane and carbon dioxide. This process can be split in four major phases: hydrolysis, acidogenesis, acetogenesis and parthenogenesis [5] .
Depending on the type of digestion applied, the reactor needs to be warmed to temperatures between 30 to 55 °C and the digestion takes 12 to 30 days. Like natural gas, biogas contains sulphur in form of H2S (up to 5000 ppm), which acts as a catalyst poison for nickel catalysts, typically used in steam reforming reactors [4] .
Therefore, a desulfurization is needed, which, amongst other processes, can be done either via fixed bed activated carbon and ZnO beds or by biological oxidation of H2S [6] [7] [8] [9] .
Subsequently, in the steam reformer, the purified biogas is converted to hydrogen, carbon monoxide and carbon dioxide. The steam reforming process of natural gas also works for biogas when the correct steam to carbon ratio is adjusted. Chemical efficiencies of 77% can be reached taking the fermenter not into account [4, 6, 9, 10] .
Overall efficiencies of 55-65% could be reached for processing waste-water from milk industry [11] .
Electrolysis of water is an electrochemical process converting water into hydrogen and oxygen via electrical energy. If electricity is produced by renewable sources, electrolysis is CO2-neutral. Electrolysers consist of a cathode, an anode, a separator and an electrolyte. By applying voltage to the electrodes, electrolysis converts water to hydrogen and oxygen. There are various methods of electrolysis, differing by the employed electrolyte, pressure and temperature, where alkaline electrolysis is the most common of these processes [12] . An alkaline electrolyser can either be unipolar or bipolar. Today, most alkaline electrolysers are bipolar modules [13] .
Applying electrical voltage reduces water to hydrogen at the electrode and hydroxide at the cathode. The alkaline electrolyser uses an aqueous solution of water with 25 to 30 wt.% of potassium hydroxide (KOH). However, sodium hydroxide (NaOH), sodium chloride (NaCl) and other solutions have been used as electrolyte. Efficiencies of up to 61% were reported by Zeng et al. [13, 14] .
This work will focus on the calculation of mass and energy balances of a hydrogen production plant using lignocellulosic feedstock as a hydrogen source. A flow sheet simulation was done in 2015 as starting point for the erection of a research hydrogen production plant. This plant was built on the site of an industrial biomass gasifier, using forest wood chips as feedstock. Extensive investigations were done by operation of the single steps, as well as the whole plant for over 1000 h with industrial product gas. A steam reformer was established to reform hydrocarbon-rich tail gas and increase the hydrogen yield by recycling. Based on the gathered data, a simulation and validation of the measured data was done and a 10 MW fuel power hydrogen production plant (BioH2) was calculated. Mass-and energy balances of this plant were used to calculate efficiencies of the plant and investigate the possibility of using biomass as hydrogen source.
The investigated process has the advantage of producing hydrogen continuously from renewable energy sources while not competing against the agriculture industry.
Comparable work has been done by Kraussler et al. and Yao et al. using simulation tools to calculate a hydrogen production plant using biomass as feed for polygeneration applications and by Kraussler et al. and Fail et al. operating a water gas shift and hydrogen separation plant in a polygeneration setup [9, [15] [16] [17] .
This work will focus on maximizing the hydrogen production by using tail gas reforming and recycling as key technology.
Materials and Methods
A hydrogen production plant (BioH2) that was operated in Güssing at the side of a commercial dual fluidized bed (DFB) gasifier was analyzed to determine mass and energy balance by a combination of experimental work and process simulation with COCO (cape open to cape open simulation environment). Based on these data, a study was done to analyze the potential for improvement of the process units. Figure 2 shows a flow scheme of the BioH2 process chain. The plant consists of a DFB gasifier, were gas is drained after the dust filter and a WGS stage to convert carbon monoxide and water to carbon dioxide and hydrogen, a biodiesel scrubber to remove water and tars, a CO2 absorber to remove carbon dioxide and a pressure swing adsorption (PSA) to produce high purity hydrogen. Additionally, a steam reformer situated at the tail gas of the PSA was installed to reform the tail gas and recycle it to the WGS for further enhancement of the hydrogen yield. The hydrogen yield was maximized by optimizing the gas recycling. Figure 3 shows an illustration of the gas upgrading and hydrogen purification part of the plant. 
Dual Fluidized Bed Steam Gasification
Dual fluidized bed steam gasification is an allothermal gasification technology, using steam as a gasification agent. Figure 4 shows the principle scheme of the DFB process. Two reaction zones coupled by a chute and a cyclone were applied for this process. The typical gas composition of a DFB gasification plant as well as a comparison between the product gas of natural gas steam reforming and dual fluidized bed steam gasification (DFB) product gas are given in Table 1 .
A steam fluidized reactor is used to gasify biomass in a bubbling bed. The fuel reacts with the steam in presence of catalytic active bed material [18] [19] [20] under consumption of heat energy to the main gas components hydrogen, carbon monoxide, carbon dioxide and methane. The non-gasified biomass and the bed material are transported over a chute to the combustion zone. The combustion is carried out as a fast fluidized bed, using air as fluidization agent. The non-gasified carbon is burned and the bed material is heated up again. Through a cyclone separator bed material is divided from the flue gas stream and transported back into the gasification reactor. The resulting gasification product is an almost nitrogen-free gas that is well suitable for syngas applications and hydrogen production (see Table 1 ) [21] . After the gasification, the produced gas is still rich in impurities (see Table 1 ) and dust. This gas first passes the product gas cooler, and is then filtered in a bag house filter to obtain a dust free gas. Table 1 . Typical values for product gas composition after DFB gasification in comparison to gas composition after natural gas steam reforming [3, 22] . For the calculation of mass and energy balance, a cold gas efficiency of 74% was used according to [16] , including the energy for biomass preparation (e.g.: drying). As a standard tar loading, a total amount of 25 g/m 3 (STP) (including benzene and toluene) was defined as was measured in several previous experiments [22, 23] .
Component

Water Gas Shift Stage
As the second process unit for hydrogen production, a WGS, operated with an industrial Iron/Chromium catalyst, was used. Directly after the product gas filter of the DFB gasifier, a slipstream of gas was taken. The WGS unit was designed for atmospheric pressure and temperatures between 250 °C and 450 °C. Two reactors were used to give the possibility of testing different space velocities in one run. As the exothermal water gas shift reaction is the dominant reaction (see Equation (1)) in this unit, the reactors were designed as adiabatic reactors [15] .
The outlet temperature of each reactor was used for process control [23, 24] .
A temperature of 425 °C and a space velocity (SV) of 1000 h −1 were used as standard values for the calculation of mass and energy balances. A CO conversion of 75.1% could be determined experimentally [22] .
The space velocity was calculated according to Equation (2):
Steam to carbon ratio (StC) for WGS was calculated following Equation (3), only taking CO into account due to the high selectivity of the WGS reaction:
Additionally, a steam to gas ratio (StG) was calculated (see Equation (4)):
Biodiesel Scrubber
For the removal of water and organic impurities, a two-staged biodiesel scrubber operating at temperatures of 25 °C in the first and 8 °C in the second stage was installed at the research side. There, tar-and water-rich gas, supplied from the WGS stage, was cooled from 150 °C to 8 °C with biodiesel. During this process, lighter organic components (e.g.: benzene, toluene, xylene) were dissolved and heavier components (e.g.: anthracene, pyrene) were condensed in the solution. This effect was reported by Bardolf [25] . In [22] , a benzene removal by biodiesel scrubbing of 70% could be reached if 0.5 m 3 gas per 1 L biodiesel was used at biodiesel temperatures of 8 °C. Bardolf described a higher benzene removal of 85% at similar temperatures and gas to biodiesel ratios. For a complete removal of the impurities, a gas to biodiesel ratio of 0.1 m 3 gas per 1 L biodiesel is recommended. Additionally, an operation of the first scrubber stage above temperatures of 24 °C is recommended [25] .
For the calculation of mass balances, a gas to biodiesel ratio of 0.1 m 3 gas per 1 L biodiesel was used. During the operation of the research plant, a BTXN (Benzene, toluene, xylene, naphthalene) deposition was identified as a major problem, which could be solved by applying the findings from Bardolf [25] .
CO2 Removal
To remove carbon dioxide from the gas stream, scrubbing by Monoethanolamine (MEA) in water solution (30/70 wt.%) was done. As MEA is an organic solvent that can absorb acid gases, it is well suitable for the removal of CO2 and H2S from a syngas stream. Carbon dioxide can be dissolved in the liquid phase as carbamate, carbonate and bicarbonate as a consequence of the reaction between a weak acid and a weak base. As the MEA-CO2 absorption-desorption reaction is driven by temperature swing, high amounts of heat energy are necessary [26] .
As MEA is used in several mature industrial processes, it was used in this setup to allow a quick scale up of the plant.
The investigated unit was designed to remove carbon dioxide at relatively low desorption temperatures to allow the usage of district heat. Therefore, a higher MEA to CO2 ratio was necessary. An optimal MEA to carbon dioxide ratio for the desired application was calculated and experimental proven to be 9.1 mol MEA per mol CO2.
Pressure Swing Adsorption
As the separation technology for hydrogen, pressure swing adsorption was chosen. In a multibed reactor filled with mole sieve and activated carbon, hydrogen was separated from the other gas components. Based on the LeChatellier principle, adsorption is enhanced by increasing the partial pressure of the adsorbents. In similar works, 23 bar adsorption pressure and 1 bar desorption pressure [24] , 10 bar adsorption and 1 bar desorption pressure [16] , 6.5 bar adsorption pressure with 0.2 bar desorption pressure [27] and 2-4 bar adsorption pressure and 0.2 bar desorption pressure [17] were used in real gas experiments. As indicated in [24] , a purity of 99.9% hydrogen can be reached using an adsorption pressure of 23 bar. For the calculation of mass and energy balance, a four reactor PSA with an adsorption pressure of 10 bar and a desorption pressure of 1 bar were used [16] .
According to Kraussler, a hydrogen recovery of 90% is possible using a 10 bar adsorption pressure and a 1 bar desorption pressure, when CO2 is removed before the gas is processed in a PSA [16] .
Tail Gas Reforming And Recycling
A steam reformer using a split stream of the PSA tail gas as feed gas was used to enhance the hydrogen yield. Figure 2 shows the steam reformer used to reform the high valuable hydrocarbons, which are concentrated in the tail gas of the PSA. Experimental data were used from the findings in [23] , where a methane conversion of 90% could be reached, using a platinum-based catalyst with a space velocity of 950 h −1 and temperatures of 900 °C. By lowering the reforming temperature to 850 °C, a methane conversion of 99 % could be reached. A steam to carbon ratio of 3:1 was adjusted (see Equation (5)). Steam to dry gas ratio was calculated according to Equation (4) . The PSA tail gas recycling ratio was adjusted aiming to increase the hydrogen yield.
Calculation of Mass and Energy Balance
Mass and energy balances of the BioH2 process chain were calculated by using the process simulation tool COCO. The DFB plant itself was not simulated with COCO. Instead, literature data concerning cold gas efficiency and product gas composition were used.
COCO is a simulation package of various operations. It includes a chemical flowsheet steady state simulation as well as several libraries concerning thermodynamic and chemical properties [28] .
Based on the experimental data, a validation and upscaling was done using COCO. A plant using 10 MW biomass as feed was simulated as reference. Minor components (e.g. BTXN, sulphur) were not considered in the simulation, although gas cleaning units were sized appropriately to allow for their removal. The Peng-Robinson approach was used for the equation of the state model [29] .
Equilibrium calculations were done using the Wilson-ideal-solution-model. An isentropic efficiency for compression steps of 75% and a boiler efficiency of 90% were defined. For the cooling process, a cooling efficiency of 4 was chosen.
The overall efficiency was calculated according to Equation (6) . The efficiency of hydrogen production was calculated by Equation (7) and the chemical efficiency was calculated by using Equation (8):
Optimization of Heat Management by Pinch Point Analyse
Pinch point analysis is an energy optimization approach, trying to improve not one aperture, but the whole process. In most cases, heat integration over a whole process chain is more beneficiary then focusing on one process unit. As it focuses on a minimization of the overall thermal energy, pinch point analysis gives the possibility to reduce energy demand between 10 and 30%. A minimum temperature difference of 10 K was defined, as is common for heat exchanger networks where liquid and vapour phases are present [30] .
In this work, pinch point analysis was used to identify and maximize the hydrogen production potential.
Results
In the following section, data validation and upscaling of an existing research hydrogen production plant (BioH2) will be discussed. Experimental data were used to set up a model for upscaling of the process. Each process step was modeled using the experimental data described in Section 2. The Peng-Robinson approach was used as the equation of state.
Single process steps could be operated for more than 1000 h, while the whole process chain, including tail gas recycling, was operated for 100 h. Nitrogen accumulation in the process was also observed and could be minimized by using CO2 as inert gas. Table 2 shows a comparison between measured raw data and validated data.
Set of Simulation Parameters
Based on the data, a reference plant of 10 MW fuel input power was simulated. Figure 2 shows a simplified process setup of the plant. Wood chips with a lower heating value (LHV) of 14.4 MJ/kg were used as fuel feed. Table 2 . Measured raw data in comparison to the validated data at the different measurement points in vol-% (validated data/raw data).
Component
Raw Gas Tail Gas PSA A dryer was used to adjust the water content of the wood chips, and enhance the gasification efficiency. After the dryer, biomass was fed into the gasification reactor where product gas is produced. This gas was mixed with recycle gas from the tail gas steam reformer and fed into a WGS unit to enhance the hydrogen yield using a CO conversion of 75%. After the WGS unit, the gas was cooled and impurities (e.g.: BTXN, tars) were removed by biodiesel scrubbing. In the next step, a mixture of 30% MEA and 70% water was used to remove CO2, which is the most energy consuming step in this process. A separation efficiency of 98% could be achieved by operating at temperature levels below 100 °C. The CO2 lean gas stream was then compressed to 10 bar (ηis = 0.75) and processed in a PSA generating hydrogen and utility gas with a hydrogen recovery of 90% and a purity of 99.9%. A split stream was used in a steam reformer to enhance the hydrogen yield by steam reforming. This reformer was operated at 850 °C and an SV of 950 h −1 . A platinum-based catalyst was used to catalyze the steam reforming reaction. Then, the tail gas of the steam reformer was fed back to the WGS unit. Surplus utility gas was used to fire a boiler, producing the heat energy for the process. Figure 5 shows a simplified mass balance of the process chain. Only the main components biomass, steam, hydrogen, carbon monoxide and carbon dioxide are illustrated. Hydrocarbons were summarized as CxHy, including methane, ethane, ethylene, acetylene, propane and propylene. By using 2500 kg/h of biomass (wet) and steam for the gasification, a total of 3369 kg/h product gas can be produced. Over the described process steps, the gas can be further processed to 2239 kg/h of BioCO2, which can be used as an inert gas substitute and for fertilization processes in greenhouses. A further 179 kg/h of BioH2 could be produced, which resulted in a hydrogen output of 71 g H2 per kg biomass. As hydrogen is the high valuable product, process optimization was done by varying the tail gas utilization to produce a maximum of H2 without the need of external thermal energy. 68% of the PSA tail gas can be reformed and recycled to the WGS unit. 32% were still necessary to cover the heat demand of the plant. Condensed water could be used as feed for the steam reformer and for fluidization of the DFB gasifier. In this plant, surplus water will be disposed.
Mass and Energy Balance
Using tail gas recycling, a steam to carbon ratio of 3.5 was reached, only taking the carbon monoxide into account as it is the only affected component. For steam reforming, an StC ratio of 3 was adjusted. An analysis regarding the necessary electrical and thermal power was done. The main electric energy consumers were the cooling energy needed for the biodiesel scrubber, consuming 0.36 MW electric (MWel) if a compression based chiller was used, and the gas compression to 10 bar consuming 0.32 MWel. A lump sum for electrical energy of 0.3 MWel was calculated for minor electrical consumers. A total of 0.98 MWel were necessary to operate a 10 MW BioH2 plant.
As the main heat consumer, the CO2 removal by MEA scrubbing could be determined. This energy can be supplied internally by a trade-off of coupling out less district heat. As there is no additional heat required, 0.12 MW thermal (MWth) can be used as district heat after the utilization of the PSA tail gas. 6 MWchem (LHV based energy) of hydrogen could be produced by using 10 MWchem of biomass, which means the chemical efficiency of the process can be optimized to 60%. Adding the necessary electrical energy (Pel = 0.98 MW), a total efficiency for hydrogen production could be calculated to 54%. A total efficiency of 55% could be reached by the utilization of process heat for district heat applications. Figure 6 shows the energy balance illustrating the LHV of the used gas over the process. An StC ratio for the WGS process of 3.5:1, only taking CO into account, and a StG ratio of 0.44:1 could be calculated. For steam reforming, an StC ratio of 3:1 and a StG ratio of 0.7:1 could be calculated. A coke formation analysis was done, using a C-H-O ternary diagram applicable for all carbon allotropes. In the used configuration, no thermodynamic coke formation was favored.
Coke Formation
Discussion
The chemical and overall efficiency of the BioH2 process was calculated by using experimentally gained data and process simulation. Mass and energy balances were experimentally validated for a research plant and upscaled to a 10 MW fuel power DFB plant. These findings were compared with the industrial benchmark process of methane steam reforming and other renewable processes, as well as with former flow sheet simulations by Müller et al. [32] .
The upscaled process was compared with a flow sheet simulation [32] . A correlation between simulated, experimental and upscaled data could be demonstrated. A chemical efficiency of 60% was confirmed for the 10 MW BioH2 plant, where Müller et al. calculated a chemical efficiency of 61%. A total efficiency of 55% could be observed for the BioH2 plant, where Müller et al. calculated 58%. Chemical as well as total efficiency were in good correlation, which validates the upscaled data. An analysis of the needed steam supply was done to validate the gathered data. As steam production is a cost intensive process, it was analyzed if the WGS stage can be operated without adding additional steam. Based on data evaluation in a C-H-O ternary diagram, it could be shown that no thermodynamic coke formation is favored (Figure 7) , which means no additional steam is required for operation of the WGS stage.
A comparison to other hydrogen production processes was done. As a classically mature, fossil based, hydrogen production process, methane steam reforming was used. Chemical efficiencies of 79% and overall efficiencies of 89% can be reached when surplus steam can be produced [3, 33] .
Another possibility is biogas steam reforming, were biogas is produced through fermentation. A total efficiency between 55 and 65% can be reached if the efficiency of the fermenter is taken into account. For electrolyses, Zeng et al. published total efficiencies of 61% for alkyne electrolysers, not taking the power generation into account [11, 13] .
Comparing these findings (Figure 8 ) with the BioH2 process, it can be seen that the renewable production routes are in a similar range. Non-renewable methane steam reforming has higher efficiencies, which can be explained by the usage of gaseous feedstock instead of solid feedstock in gasification processes. Hydrogen production by the DFB technology has the advantage of continuously producing renewable hydrogen from a woody biomass. In relation to a bigger scale, other renewable H2 production techniques have the drawback of producing discontinually and have poor scale-up factors (electrolyses) or are in competition with the agricultural industry (biogas steam reforming). 
Conclusions
Summarizing these data, it was proven that a biomass based hydrogen production process can be competitive to other renewable hydrogen production methods with respect to process efficiency. Nevertheless, detailed economic analyses need to be done to clarify if a biomass-based hydrogen production process can be competitive in future applications under the current economic conditions.
The mass-and energy balance clearly showed the bottlenecks that have to be overcome by further research activities in the field of gas cleaning and gas upgrading. Energy-and material intensive gas cleaning can be improved by an adsorption approach applying a temperature swing adsorption. Additionally, the CO2 removal could be determined as an energy intensive process that consumes the major part of the energy, which could be used for district heat instead. A promising approach could be to use the findings of the European Comission project ROMEO where a catalytic active WGS-membrane reactor was developed to remove CO2 from a syngas stream.
Additionally, a strategic switch from wood to woody waste should be done to gain a cheaper fuel for the gasification plant. To demonstrate the feasibility of this approach, an intermediate step, building up a demonstration plant in the scale of several hundred kilowatts to 1 MW, should be done.
